Coastal groundwater has been implicated as a source of microbial pollution to recreational beaches.
INTRODUCTION
At the land-sea interface, one potentially important pathway for non-point pollution from land to the sea is groundwater.
Submarine groundwater discharge (SGD) is the flow of coastal groundwater, both meteoric water and recirculated seawater directly into the ocean (Burnett et al. ) . It has the potential to transport various elements to the coastal ocean and thus plays an important role in biogeochemical cycling (Burnett et Epidemiology studies show an association between FIB concentrations and swimmer health risk at beaches (Boehm & Soller ) . Local laws dictate allowable levels of FIB in coastal waters used for recreation (beaches) to prevent waterborne illness. Routine monitoring in the USA resulted in 20,120 beach advisories and closures in 2012 owing to elevated levels of microbial pollutants; this number is up from 6,200 in 1999 (Dorfman & Haren ) . Sixty-three percent of the advisories and closures in 2012 were due to unknown sources of contamination (Dorfman & Haren There is a clear need to identify the sources of and remediate microbial pollution in coastal waters. Although studies have implicated SGD as a source of fecal organism to coastal waters, there has been limited work to investigate the potential for fecal organisms to be transported through the beach aquifer. The present study evaluates the potential for SGD to be a source of FIB to the coastal ocean using laboratory column experiments and a field study.
Sources of FIB to the beach aquifer may be exogenous Gram-positive FIB, as well as a fecal indicator virus, Fþ coliphage, through saturated beach sands. This information will provide insight into the potential for SGD to be a source of FIB to coastal waters.
Bacterial and viral transport through saturated porous media has been well studied in simplified media like quartz sands (Redman et al. ; Torkzaban et al. ) , as well as more complex soils (Schijven & Hassanizadeh ; Schinner et al. ) . The removal of the organisms by media during saturated flow can be conceptualized as a two-step process where the organisms first come into close proximity to the grains via diffusion, interception, and gravity, and then may attach due to surface-surface interactions including electrostatic, Van der Waal, and hydrophobic interactions (Ginn et al. ) . The transport of organism to grain surface is quantified as the collision frequency (η 0 ) while the attachment of the organism to the grain is quantified as the attachment efficiency (α) (Tufenkji & Elimelech ) . Organisms may additionally be removed by physical straining (Bradford et al. ) However, there have been limited studies on the transport of indigenous organisms in porous media (Harvey & Garabedian ) .
In the present study, we characterize the transport of indigenous wastewater ENT and Fþ coliphage suspended in raw beach aquifer groundwater through columns of native beach aquifer sediments from three beaches. We also conducted a field study of ENT and Fþ coliphage concentrations down gradient of a septic leach field in a beach aquifer. A mechanistic understanding of the processes whereby organisms are removed from the groundwater by native beach sediments is not necessarily a goal of this study as this would require a reductionist approach and a more simplified system (Redman et 
The collision frequency η 0 between organisms and grains and the attachment efficiency α of the organisms to the grains in each column was estimated following the procedures outlined in Tufenkji & Elimelech (). As described by those authors, the procedure requires an assumption of steady-state conditions. Correlations between α and sediment and influent characteristics were investigated using Pearson's r.
Field study
The field study was conducted at Stinson Beach, California Hydraulic gradients at the site were calculated from monthly average hydraulic heads in wells S12, S10, S08, S20, and S21 ( Figure 1 ). Site-wide aerial contour maps of hydraulic heads were created from these monthly average hydraulic head datasets, and the distance from the water line Hydraulic conductivities (K ) were estimated using the tidal efficiency method, which is based on the concept of tidal wave propagation and dampening with distance in a coastal aquifer with a tidal boundary (Ferris ). We measured tidal efficiency at multiple wells during two periods of the study with little or no precipitation. The periods analyzed were 20 April 2008 to 18 June 2008 for wells S10, S12 and S15 and from 12 November 2008 to 10 
where w is total flux (micro-organisms time À1 ), K is hydrau- 
RESULTS

Column experiments
Over the duration of the column experiments (∼18 h), there was no change in ENT or Fþ coliphage concentrations in the influent solution (data not shown) suggesting no inactivation of the organisms in the aqueous phase. ENT concentrations in the influent solution was ∼10 5 CFU/ 100 mL and Fþ coliphage concentrations were ∼10 4 PFU/ 100 mL (Table 1) . The detection limit (dl) of the organisms in the effluent fractions was ∼100 CFU or PFU/100 mL which allowed us to observe at most 2-3 log reductions after transport through the column (Figure 2) . Key attributes of the grain size distributions, porosities, percent fines, and (Table 3) . Because many of the Fþ coliphage measurements in the column effluent were at the limit of detection (Figure 2 ), Fþ coliphage α may be underestimates. According to the correlation equations of Tufenjki & Elimelech (), diffusional transport is the most important mechanism via which organisms and grains come into cross proximity (data not shown) with coliphage coming into contact with grains more frequently than the bacteria (collision frequency η o is ∼0.1 for Fþ at Transect C, the farthest down gradient transect; an increase in ENT flux with distance was observed during this snapshot. The calculation of these fluxes requires the assumption of steady-state conditions. Given the available data collected during the study, we believe this assumption is reasonable. However, continuous monitoring in the network of wells was not feasible so there is some uncertainty in this assumption.
DISCUSSION
This study investigated the transport of ENT also examined transport of Ent. faecalis through unaltered agricultural soil and found an α greater than the ones reported herein presumably due to the agricultural soil having very different characteristics to our sands. Therefore, it is not surprising that results differ between our study and those previously done with ENT.
The field study at Stinson Beach was consistent with the results from the column experiments in two ways. First, Fþ coliphage, although present in the septage discharged to the leach field, was never detected down gradient of the leach field suggesting efficient removal within the leach field or within the beach aquifer between the leach field and the first transect. However, the initial concentrations in the septage were quite low (∼10 PFU/100 mL) and our field methods Second, in the field we observed ENT within the saturated portion of the beach aquifer down gradient of the leach field. ENT were detected within the well network during two of the three sampling events, albeit at concentrations ∼2 orders of magnitude lower, on average, than those in the septage collection tank. This region of the beach aquifer contained primarily fresh groundwater and during the column studies with aquifer material from this region, we saw minimal ENT removal. This could suggest most of the ENT removal in the septage occurred within the leach field. We observed a net increase in ENT flux through the well network in August 2009, which may suggest exogenous inputs of ENT to the well network or enterococcal growth along the flowpath. Assuming the downgradient increase is due to ENT growth, the data are consistent with a first-order growth rate of 0.28 day À1 . This rate is in good agreement with ENT growth rates observed in intermittently wetted beach sands from Monterey, California (0.20-0.63 day À1 ) (Yamahara et al. ) . The increase could also be due to unsteady inputs of ENT from the leach field.
Previous field studies have explored the subsurface migration of introduced microbial tracers in sandy aquifers, although most of these have been conducted inland (Harvey 
